There is a limit for lowering nitrogen in steel because of pickup from the atmosphere during and after degassing. Therefore, nitride capacity of various fluxes has been measured in order to examine the possibility of the nitrogen removal by using slag. In this study, nitrogen removal rate from molten iron to CaO-Al 2 O 3 -CaF 2 melt has been measured, and the effect of Al, Ti or Si addition into the metal has been examined at 1 873 K. From the results, it is found that nitrogen in molten iron can be removed effectively by the addition of aluminum, titanium, or silicon. It can be considered that the additives cause the effects on the oxygen partial pressure and the activity of nitrogen in the metal. For the nitrogen removal, it is most important to keep the oxygen partial pressure in the metal lower to raise the nitrogen distribution ratio. From this point, aluminum is the most effective of the additives investigated in the present work.
Introduction
It is difficult to reduce nitrogen in steel to the desirable concentration level because nitrogen is absorbed into metal by contact with air during and after degassing. Therefore, nitride capacity of various fluxes has been measured with the aim of exploring the slag with high nitride capacity and investigating the possibility of removing nitrogen by using slag. In our previous study, 1, 2) the nitrogen removal rate from molten iron to the gas phase through CaOAl 2 O 3 (-CaF 2 ) melts, of which the nitride capacity is already reported, [3] [4] [5] has been examined, and it is found important to keep the oxygen partial pressure in the gas phase higher and the oxygen potential at the slag/metal interface lower for the efficient nitrogen removal. Accordingly, it is considered very effective to add such element as aluminum, titanium or silicon into molten iron, which can decrease the oxygen potential in the metal. In this study, nitrogen removal rate from molten iron to CaO-Al 2 O 3 -CaF 2 melt has been measured, and the effect of aluminum, titanium or silicon addition into the metal on the rate has been examined.
Experimental
Experimental apparatus consisted of a vertical MoSi 2 electric resistance furnace, which was controlled by a PID controller with a Pt-6%Rh/Pt-30%Rh thermocouple. A mullite tube (60 mm OD, 52 mm ID, 1 000 mm length) was used as a reaction tube. The initial nitrogen content of iron sample was adjusted to the range of 100 to 150 mass ppm preliminary by melting high purity electrolytic iron in hydrogen and nitrogen mixture using a high frequency electric induction furnace at 1 873 K. The initial oxygen content of the sample was about 50 [mass ppm]. The iron sample weighing 50 g and 32mass%CaO-58mass%Al 2 O 3 -10mass%CaF 2 slag weighing 20 g were charged in an alumina crucible (25 mm ID), which was set in the furnace and raised to 1 873 K in a hydrogen atmosphere. Then the introducing gas was changed to argon at a flow rate of 200 cm 3 /min. After 30 min, the experiments were started by adding aluminum, titanium or silicon into the molten iron. The added quantity corresponded to 1, 3, and 5 mass% X (X: Al, Ti or Si) for each iron sample when the added element perfectly dissolved in the molten iron. Sampling was conducted using an alumina tube (4 mm ID) every 30 min, and the nitrogen content of the samples was analyzed by an inert gas fusion-heat conductivity method using a nitrogen analyzer. The sample metal was analyzed after each experiment for aluminum and the relevant element.
Derivation of Kinetic Equations
In the present study, two kinds of equations were applied in analyzing the experimental results; one is derived by considering the nitrogen removal from metal to slag (Model 1). The other is derived by considering the nitrogen removal to gas phase, in addition to the nitrogen removal from metal to slag (Model 2). The derivation and application of the two equations are described in the following.
Nitrogen Removal from Metal to Slag (Model 1)
The process of the nitrogen removal from metal to slag consists of the following three steps, and the profile of nitrogen content and oxygen partial pressure is shown in Fig. 1 where L N denotes the distribution ratio of nitrogen between slag and metal. When the nitrogen removal rate from metal to slag phase is represented by a mixed rate-determining model, 6) Eq. (4) can be derived by solving Eqs. Using the relationships represented by Eq. (5), which is derived from the mass balance between slag and metal, 7) and Eq. (6), Eq. (4) can be rewritten as Eq. (7) Ϫ4 (m/s) and 0 (mass%), respectively, and the values for k S and L N have been determined by fitting the experimental results to Eq. (8).
Nitrogen Removal from Metal to Gas through Slag
(Model 2) In our previous study, 1, 2) the nitrogen removal rate from molten iron to the gas phase through CaO-Al 2 O 3 (-CaF 2 ) melts has been examined. The mixed rate limiting equation of the nitrogen removal is proposed from metal to gas through slag phase, taking the removal rate of nitrogen from slag to gas into consideration on the basis of the profile shown in Fig. 2 . However, because of the difference of the initial conditions, it is not possible to use the proposed equation directly in this study. Accordingly, it is applied as follows: Firstly, the reactions of the nitrogen removal at the gas/slag and the slag/metal interfaces are considered to proceed individually. The amount of nitrogen transfer from metal to slag phase and that from slag to gas phase are calculated in order every second, and the nitrogen removal rate from the metal is calculated.
The rate equation of nitrogen removal from slag to gas is derived as follows. The chemical reaction rate at the gas/slag interface is represented by ............. (9) The mass transfer of nitrogen in slag at the gas/slag interface is represented by Under the assumption that the gas phase mass transfer is fast enough and the effect on the overall rate can be ignored, the nitrogen removal rate from slag to gas phase is derived from Eqs. (9) and (10) ) denotes the decreased nitrogen content of slag by the transfer from slag to gas phase, the rate equation of which is represented by Eq. (14) . By rearranging Eqs. (4), (6) and (15) Using Eqs. (14) and (17), the variation of nitrogen content is calculated every second for gas/slag and slag/metal inter- 
is determined by fitting the experimental results to the calculated curves.
Results
The experimental results for the aluminum addition are plotted in Fig. 3 with the result of no aluminum being added by showing the nitrogen concentration change in the metal with time. It is found from Fig. 3 that the nitrogen content decreases rapidly by the addition of aluminum and the nitrogen removal is faster when the amount of added aluminum is larger. On the other hand, the nitrogen content is almost unchanged when no aluminum is added, and the effect of aluminum addition on the removal rate is clearly appeared. In the measurements, the variation of aluminum contents with time is shown in Table 1 .
In the titanium addition experiments, when the experiments were carried out by adding pure titanium directly, the nitrogen content of the metal was not decreased, and the removal behavior of nitrogen could not be observed. The main reason may be considered the added titanium is oxidized before dissolving into the metal because of the higher melting temperature. For the difficulty of adding pure titanium like this, the Fe-50mass%Ti alloy was preliminary prepared as the additive. The results for the titanium addition are shown in Fig. 4 . It can be found the nitrogen removal rate is also promoted by the titanium addition although the effect is small compared with the results for the aluminum addition.
The experimental results for the silicon addition are described in Fig. 5 . As it can be seen from Fig. 5 , the results are very scattered, and the removal behavior of nitrogen is clearly different from that of the aluminum or titanium addition. This scatter was not improved in case that the Fe50mass%Si alloy was preliminary prepared and used as the additive sample, instead of pure silicon. This may be considered that the reactivity of silicon with iron is worse, because a stable SiO 2 film was formed at the iron and silicon interface, which prevent the additive from being dissolved into the metal immediately. However, the trend can be con- firmed that the removal of nitrogen is faster as increasing the content of the added silicon. In the titanium or silicon addition experiments, the final titanium or silicon content is shown in Table 2 along with the aluminum content, which was reduced from alumina crucible. It is found from Tables 1 and 2 that, in the present experiments, the yields of aluminum and titanium were very worse, and the weight losses of them were estimated to be about 30 % and 40 %, respectively. The reason cannot be clarified, but it may be because the aluminum and titanium were quickly oxidized by the gaseous oxygen for the good reactivity before they were inserted into the metal bulk, in addition to the weight losses from the oxidation by the oxygen in the molten iron. However, the oxide may quickly separate from the interface without forming a film, and the rest of the additive is considered to smoothly dissolve in the molten iron. On the other hand, it is found that almost all the silicon was finally dissolved in the molten iron, although the reactivity of silicon may be worse for the formation of a stable SiO 2 film, as stated earlier.
Discussion
In the aluminum addition experiments, the mass transfer coefficient of nitrogen in slag, k S , and the nitrogen distribution ratio between slag and metal, L N , have been determined by the least squares method, fitting the experimental results to the mixed rate equation derived in Sec. Table 3 . The calculated curves drawn using the determined values are also described in Fig. 3(a) . The value for L N is also estimated by the method described in Sec. 3.2 (Model 2). The derived value at each composition is also shown in Table 3 , and the calculated curves drawn using the determined values are also described in Fig. 3(b) . It is found that the L N value determined from Model 1 is larger than that determined from Model 2. The curves from Model 1 approach some constant values with the passage of time. On the other hand, the calculated curves from Model 2 continue to decrease gradually, because the nitrogen removal to the gas phase is taken into account. Although Model 2 can be considered to describe the nitrogen behavior more in detail, the present results seem to fit to the curves from Model 1 more closely. Accordingly, the validity of the two models can not be judged from only the present results.
The oxygen potential in the metal bulk may be controlled by the Al-Al 2 O 3 equilibrium shown by Eq. (18). The standard Gibbs energy for Eq. (18) is given by Eq. (19). from each aluminum content shown in Table 1 and a Al 2 O 3 ϭ0.33. 11) The results are shown in Fig. 6 . The oxygen partial pressure increases with time because of the decrease of aluminum content, and the change of the oxygen partial pressure is larger for the experiment of 1 mass% aluminum addition. On the other hand, in case of 3 or 5 mass% aluminum addition experiment, the change is smaller, and the oxygen potential in the metal can be considered to be almost constant. The average oxygen partial pressures for the 3 and 5 mass% aluminum addition experiments are calculated to be 4.6ϫ10 Ϫ17 (atm) and 9.3ϫ10 Ϫ18 (atm), respectively.
The nitride capacity can be generally represented by Eq.
O 2 , at slag/metal interface ......... (22) where K 23 is the equilibrium constant for Eq. (23). 12) In Eq. (22), the activity coefficient of nitrogen, f N , can be considered to be unity in case of the aluminum addition experiments, because the interaction between aluminum and nitrogen is very small. On the assumption that the oxygen potential at the slag/ metal interface equals to that in the metal bulk, the nitride capacity for the 32mass%CaO-58Al 2 O 3 -10CaF 2 melt at 1 873 K has been estimated by Eq. (22), and the derived values are shown in Table 3 for both Models 1 and 2. The nitride capacities for CaO bearing melts [13] [14] [15] are shown in Fig. 7 with the present results. It is found that the values of nitride capacity for CaO-Al 2 O 3 -CaF 2 system estimated in the present work are roughly in the same order, and the average is 4.3ϫ10
Ϫ13
, which is between those for CaO-SiO 2 at 1 823 K and for CaO-Al 2 O 3 at 1 873 K.
In the titanium addition experiments, the values for L N at slag/metal interface are derived from Eq. (8) by the least squares method using the value for k S , 2.34ϫ10 Ϫ6 [m/s], obtained from the results of the aluminum addition experiments (Model 1). The fitting curves are described in Fig.  4(a) , and the derived values are shown in Table 4 . The value increases from 2.3 to 13.2 by increasing the titanium content of metal. Similarly, the values for L N are also estimated by the method described in Sec. 3.2 (Model 2). The derived value at each composition is also shown in Table 4 , and the curves drawn using the determined values are also described in Fig. 4(b) . The oxygen partial pressures in the titanium addition experiments are estimated from L N and Eq. (22) by using the average value for each nitride capacity, namely 5.1ϫ10
Ϫ13 for Model 1 and 3.5ϫ10 Ϫ13 for Model 2, assuming f N ϭ1. The oxygen partial pressure is also estimated from the aluminum content of the metal, which was reduced from Al 2 O 3 crucible by the addition of Ti. They are compared with those in the aluminum addition experiments in Fig. 8 . It is found that the oxygen partial pressure calculated from the aluminum content is higher than that calculated from L N and Eq. (22). This difference suggests that the aluminum is not in equilibrium with the oxygen in the metal. Moreover, the oxygen partial pressures of aluminum addition experiments are found to be about 1/10 times lower than those of titanium addition experiments. It can be understood that the stronger deoxidizing agent is more effective in the nitrogen removal as shown in Figs. 3 and 4 , because the nitrogen distribution ratio, L N , is increasing with decreasing the oxygen partial pressure, and aluminum is more effective to remove nitrogen in molten iron.
When the effects of the added elements on the nitrogen removal rate are evaluated, it is necessary to consider the atomic interactions between the added elements and nitro- gen in molten iron, in addition to the oxygen partial pressure discussed above. The variations of nitrogen activity with the interactions can be considered to affect the nitrogen mass transfer in the metal. On the interaction parameter of aluminum with nitrogen in iron, there are some reports which show the positive and the negative values and they do not agree with each other. 10) However, it can be considered that the absolute value is small, and the effect of aluminum on the nitrogen activity in iron is negligible. On the other hand, it is reported the negative value for the interaction parameter of titanium with nitrogen. 10) Titanium is not appropriate as the additive from this point, since the nitrogen activity in iron becomes lower by the addition. On the interaction parameter of silicon with nitrogen, the positive value is reported. 16) This may act on the nitrogen removal with the advantage by raising the nitrogen activity in iron. Accordingly, it has been estimated the effect of the change of nitrogen activity by the added element on the nitrogen removal rate. The variation of the removal rate with the k M value has been investigated using Eq. (8) . The effect is found to be negligibly small except for the 3 or 5 mass% titanium addition experiments, in which the nitrogen mass transfer in the metal may affect the overall rate of nitrogen removal. Moreover, in case of the titanium addition experiments, the formation of TiN can be considered. The reaction of TiN formation is expressed by Under the condition that the activity of TiN(s) equals to unity, the following relationship is obtained between the titanium and nitrogen contents in molten iron, using the relevant interaction parameters at 1 873 K. According to Eq. (27), the stability region of TiN is described in Fig. 9 along with the experimental conditions. In Fig. 9 , the dashed arrows show the variation of nitrogen contents in the present study under the assumption that the deoxidation reaction quickly proceeds and the titanium content is constant right after the addition. For the experiment of 1 or 3 mass% titanium addition, the whole or part of the experimental conditions are in the region of TiN formation. It may be expected that TiN formation enhances the nitrogen removal. However, the effect cannot be seen from the present results. In usual cases, such as the aluminum or silicon addition experiments, it can be concluded that the effect of the atomic interaction on the overall removal rate is small, and the nitrogen mass transfer in the metal does not become the rate-determining step. In the present experiments, the measured rate would be mainly limited by the nitrogen mass transfer in the slag. Accordingly, it is important to know the deoxidizing ability of the additives, which greatly influence the nitrogen removal rate.
Conclusions
Nitrogen removal rate from molten iron to CaO-Al 2 O 3 -CaF 2 melts has been measured, and the effect of Al, Ti or Si addition into the metal has been examined at 1 873 K. The following conclusions are obtained.
(1) Nitrogen in iron can be removed effectively by the addition of aluminum, titanium and silicon, which are strong deoxidizing agents, and aluminum is the most effective of the additives.
(2) For the nitrogen removal, it is confirmed that the lower oxygen partial pressure in the metal is most important to raise the nitrogen distribution ratio between slag and metal.
(3) The nitride capacity for the 32mass%CaO-58Al 2 O 3 -10CaF 2 melt at 1 873 K is estimated 4.3ϫ10
Ϫ13
, and the value is between those for CaO-SiO 2 and CaOAl 2 O 3 systems.
(4) It can be considered the additives cause the effects on the oxygen partial pressure and the activity of nitrogen in the metal. The effect of lowering the oxygen partial pressure is larger on the nitrogen removal rate.
